The electrical conductivity of solutions depends upon the concentrations and the mobilities of charged particles of varying sizes. A culture medium in which bacteria are living and dying is a heterogeneous system, the composition and complexity of which are constantly changing. Substances in true and in colloidal solution are being chemically disintegrated and synthesized. The initial and final compositions may be well-known, but the intermediate reactions and the mechanisms involved in many cases are not understood. Several difficult problems are therefore presented in attempting to evaluate conductivity measurements in relation to bacterial metabolism. Parsons and Sturges (1926a, b) have reported a definite correlation between conductivity and the amount of ammonia and amino nitrogen produced by putrefactive anaerobes. This is the only direct relationship between conductivity and some product of metabolism which has been established so far. Others have shown, however, (Sierakowski and LQczyeka, 1933 and papers quoted therein) that there is always some relationship between change in electrical conductivity and metabolic processes even though the direct cause for the alteration in electrical field strength may be obscure. Further information on such correlations has been sought. Experiments have been done, therefore, with two different aerobic bacteria which produce ammonia, and one which produces lactic acid. It is believed that the data
presented show the value of conductance measurements in describing, identifying, and interpreting the intermediary metabolism of these organisms.
DESCRIPTION OF ORGANISMS
One of the ammonia-forming organisms was Pseudomonas fluorescent, recently isolated from milk. It conformed in all respects to the type description in Bergey's Manual of Determinative Bacteriology.
The other ammonia-forming organism was a lipolytic bacterium isolated from rancid cream by Anderson (Anderson and Hardenbergh, 1932) . Since this is undoubtedly a new organism the name Achromobacter lipidis, N. Sp., is proposed because of its pronounced fat-splitting ability. The organism is a gramnegative, non-spore-forming rod, about 0.4 by 1.6 microns, occuring singly and in pairs. It appears to be non-motile or very sluggishly motile. Flagella have not been detected. Agar colonies are about four or five millimeters in diameter after forty-eight hours of incubation at 25-280C., after which they slowly increase in size for several days. These colonies are circular with an entire edge, smooth, glossy, moist, and finely granular. With age they become coarsely granular and develop radial striations which result in a more or less undulate margin. Young colonies are white and beautifully opalescent. They do not darken with age. The agar slant growth is abundant, glistening and echinulate. Agar stab cultures produce an abundant surface growth with a delicate subsurface growth, diminishing rapidly with depth. In broth the upper portion of the tube first becomes turbid and a slight surface film develops; later the turbidity spreads throughout the entire tube and a characteristic slimy white precipitate accumulates. An alkaline reaction due to ammonia is produced in broth. An abundant moist white growth occurs on potato slants. Gelatin is not liquified by freshly isolated cultures, but cultures which have been grown on meat extract agar for some months may cause a slight liquification of gelatin in ten days. No indol is produced in Dunham's solution. Nitrates are readily reduced to nitrites. The organism is incapable of fermenting glycerol, glucose, galactose, fructose, sucrose, lactose, maltose, raffinose, inulin, starch, dulcitol, and mannitol. Litmus milk is slowly reduced and then becomes alkaline, commencing at the surface. The alkaline reaction is due, in part at least, to ammonia production. Colonies on blood agar plates are not larger than on plain agar and no hemolysis of blood cells or change in hemoglobin occurs. The outstanding characteristic of this organism is its marked lipolytic action, even at low temperatures. Freshly isolated cultures grow best at 28-29oC., fail to grow above 34-350C., and show a growth after several days at 2-4oC.
The lactic-acid forming organism studied was Lactobacillus odontolyticus obtained from the culture collection of E. R. Squibb and Company through the courtesy of Dr. G. F. Leonard.
MATERIALS AND METHODS
The conductivity cells made from short-necked flasks varied in capacity from -250 cc. to 1000 cc. The platinized electrodes were inserted through openings made in the shoulder of the flasks. These electrodes varied in size and in separation according to the requirements of the experiment. Another opening was made near the top of the flasks so that samples could be drawn from time to time for chemical analysis. The slide wire in a Leeds and Northrop student potentiometer was used as the Wheatstone bridge. The instrument was shielded, and grounded through a Wagner Ground. The 1000-cycle current was supplied by a calibrated audio-oscillator. The bridge was balanced by obtaining a minimum sound through telephones. The resistance was accurately measured to 0.1 ohm and the capacitance to 0.001 microfarad. The cell constants were checked before and after each run using N/50 KCl solution as a reference solution.
Each medium was sterilized in a conductivity cell and the whole was brought to the temperature of the incubator before inoculation. The temperature of the incubator was kept optimum for each organism.
pH determinations on milk inoculated with L. odontolyticus were made by the quinhydrone electrode. The pH of one-percent peptone solutions inoculated with the lipolytic organism was determined colorimetrically. The pH of milk inoculated with P. fluorescens was determined by the glass electrode developed by MacInnes (MacInnes and Belcher, 1933) . Van Slyke's micro-amino-nitrogen apparatus (Van Slyke, 1912) was used to determine amino nitrogen. Care was taken to remove all the ammonia from the sample before analyzing for amino nitrogen since it has been shown that results obtained without the removal of ammonia are 18 to 50 per cent too high, depending upon the temperature and the size of sample (Parsons and Sturges, 1926c) . Ammonia was removed by Folin's aeration method (Folin and MacCullum, 1912) figure 1 where the line drawn through the experimental points is described by the following equation:-(NH,) = 6.08 X 108 A C + 2
where (NHs) refers to the concentration (millimols per liter)
of ammonia formed and A C to the increase in specific conductivity of the medium. A similar proportionality was reported by Parsons and Sturges (1926a, b) in their work on conductivity and ammonia production by certain putrefactive anerobes. Their proportionality constant was, however, somewhat greater, which means that an increase in conductivity represented the synthesis of more ammonia in their media inoculated with putrefactive anerobes than in the skim milk medium inoculated with P. fluorescens. They also found this proportionality between ammonia and increase in specific conductivity to apply from the origin. The data presented here show a change in mechanism which prevents the line from going through the origin and results in the addition of the constant 2. The data obtained from the analyses of a peptone medium inoculated with Achromobacter lipidis are listed in table 2. The medium was a one-per-cent solution of Difco peptone in distilled water. Although the quantity of ammonia formed in the peptone medium was less than that formed in skim milk inoculated with P. fluorescens, there is still a direct proportionality between the increase in specific conductivity and millimols of ammonia. This direct proportionality, which holds from the origin, is illustrated in figure 2. It will be noted that there is a definite break in the mechanism of the reaction after the specific conductivity has been increased to approximately 0.64 x 10-3 mhos. This sudden increase in ammonia has been noted qualitatively in other samples of peptone media inoculated with this organism. Such a change in the mechanism of reaction would be interesting to study in detail, especially if it should prove to be characteristic of this organism. than that described for P. fluorescens, the proportionality constant is higher. Parsons and Sturges (1926a, b) also found that the increase in conductivity was proportional to the increase in the nitrogen calculated from a formol titration; in other words to the increase in ammonia plus the increase in amino nitrogen. The data obtained on P. fluorescens shown in figure 3 
where (NH3) refers to the millimols of ammonia per liter and (NH2) represents the increase in millimols of amino nitrogen per liter. An initial change in mechanism is apparent here, as well as in the curve for ammonia, since the line in figure 3 does not pass through the origin.
DISCUSSION OF RESULTS ON PROTEOLYSIS
Free carboxyl and free amino groups appear in approximately equal amounts as a protein is hydrolyzed. Changes in conductivity resulting from enzymatic hydrolysis of a protein must be correlated in some way with the appearance of these polar groups in solution. Northrop (1919 Northrop ( -1920 showed that while the liberation of carboxyl groups through hydrolysis of egg albumin with pepsin would increase conductivity, the liberation of free amino groups would decrease conductivity because some of the free acid would be bound by these basic groups. Thus, increase in conductivity would not necessarily parallel increase in hydrolysis of the protein. Baernstein (1928) in a similar study demonstrated, however, that there were two regions of pH where conductivity increased in direct proportion to the increase in amino nitrogen produced through enzymatic hydrolysis of albumin. One region, pH 1.38 or less, is quite acid while the other region, pH 7.36, is on the basic side of the isoelectric point of many amino acids and polypeptides. He points out that his results are consistent with the "Zwitterionen" theory of Bjerrum (1923) . Thus, in solutions sufficiently acid, the conductivity will be influenced by the concentration of cations formed.
The problem of studying proteolysis by living bacteria is not as simple, however, as one which involves the enzyme alone. Bacteria, for example, not only hydrolyze proteins but also deaminize some of the amino groups which are liberated. Ammonia, as well as amino nitrogen, appears in solution. A certain unknown quantity of this nitrogen derived from protein is utilized by the bacteria in the synthesis of protein and other nitrogenous derivatives. The sum, then, of the ammonia plus the amino nitrogen (equation 3) in the medium will be less than the amount of nitrogen actually liberated through the hydrolysis of the proteins. Waksman and Starkey (1932) have pointed out that nitrogen may also be lost from the culture medium as ammonia if there is a marked increase in alkalinity. There was, however, no loss in total nitrogen in the skim milk culture of P. fluorescent, since the total nitrogen of the cultures remained the same as the controls. The quantities, therefore, of ammonia and amino nitrogen must be correlated in some way with each other, with the degree of hydrolysis, and with specific conductivity.
According to equations 1 and 3 it is possible to deduce that there is a direct proportionality between the increase in millimols of amino nitrogen and the increase in specific conductivity. The pH range is near that which can be predicted from Baernstein's work to give a direct proportionality between amino nitrogen and increase in conductivity. Incidentally the narrowness of this change in pH makes negligible any effect of an increase in (OH-) on conductivity. Parsons and Sturges (1926) conclude that the increase in conductivity of their cultures of putrefactive anerobes can be accounted for entirely by the increase in concentration of ammonium salts. They believe that compounds containing amino nitrogen, such as the amino acids, polypeptides, etc., would not contribute much to conductivity.
It appears from our analysis, however, that either ammonia The production and activity of the enzymes involved in the catalysis of hydrolytic and synthetic processes which yield ammonia and amino nitrogen must be closely correlated. Equation 5 can be interpreted to mean that constant proportions of amino acids are formed and deaminized, as well as utilized in nitrogen metabolism, by these organisms. This does not mean, however, that ammonia and amino nitrogen production by microorganisms will always bear this close relationship. For example, Waksman and Lomanitz (1925) have indicated that some microorganisms tend to accumulate amino acids in the early stages of proteolysis. Later, the amino acids are broken down and axnmonia nitrogen predominates. Possibly some such change as the latter explains the break in the curve shown in figure 2. Other possibilities suggest themselves but they are all correlated with the growth and development of the organism itself. Thus, a complete understanding of proteolysis involves a knowledge of the intermediary metabolism of each organism. Bacterial metabolism refers to the coordinated chemical reactions which take place in the complex heterogeneous system of bacteria and medium. The mechanism of coordination is largely unknown although some kind of a relationship between variables such as ammonia, CO2, (H+), numbers of bacteria, specific conductivity, etc., must exist. There is, for example, some significance to the ammonia/carbon-dioxide ratios. These ratios are listed in tables 1 and 2 and they are calculated by dividing the millimols of ammonia produced per liter, by the increase in millimols of carbon dioxide in the medium at any time. In the early hours of growth of P. fluorescent, carbon dioxide production is greater than ammonia production; i.e., the ammonia/carbon-dioxide ratio is less than unity. As the growth in population proceeds, this ratio gradually increases in value until it has reached approximately 1.4 at 160 hours which is almost the maximum. The maximum ratio shows that for every mol of CO2 held in the medium, almost one and one-half mols of ammonia are produced. The increase in the ammonia/ carbon-dioxide ratio with time can be interpreted to mean either that the organisms are utilizing sources of carbon richer and richer in nitrogen or that less and less nitrogen is required by the population of bacteria for their synthetic needs. As the population matures, the mechanism of metabolism becomes more constant and a maximum ratio is established. The decline in this ratio which begins at approximately 400 hours would mean that the organisms are more and more using carbon compounds poor in nitrogen as a source of energy. Compounds, for example, which could accumulate from the metabolism of amino acids during the growth of the population might be utilized at this time.
The ammonia/carbon-dioxide ratios listed in Table 2 are essentially constant from 42 hours until a slight rise occurs at 130 hours. This can be interpreted to mean a constant mechanism of metabolism over this period. The slight increase in the ratio at 130 hours leads to a greater rise to a new value over 2.0, slightly above the ratio calculated for ammonium carbonate. This is a change in mechanism of reaction which is in accord with the change illustrated in figure 2. It is possible that the large increase in ammonia is some function of the change in concentration of enzymes secreted by the bacteria which are involved in converting amino groups into ammonia.
These speculations emphasize the fact that if the mechanisms of coordination between these variables were known, then the measurement of a single variable such as specific conductivity would permit an integration of the whole process of metabolism.
Further studies need to be made to establish these mechanisms of coordination.
EXPERIMENTS WITH L. ODONTOLYTICUS
The data obtained in the study of the souring of skim milk through the metabolism of L. odontolyticus are listed in table 3 and shown graphically in figure 4 . Conductivity cell no. 1 was Conductivity changes in this system before the curd is formed are primarily due to the increase in the concentration of the hydrogen ion. Other factors, however, play a role in this increase in electrical field strength of the medium. Probably the most important of these other factors is the acid-binding capacity of the casein. Thus, as the lactic acid is formed through the decomposition of lactose, a certain number of hydrogen ions will be removed from solution by combining with the protein. The protein will gradually lose its charge until at the isoelectric point the casein separates from solution. The net result is an approximate linear relationship between specific conductivity and pH up to the isoelectric point.
The value of conductivity measurements in the investigation of the metabolism of lactic-acid-forming bacteria is obvious. Further study should yield information concerning the physical chemistry of the reaction in milk as well as establish the rate of acid formation as it is correlated with other variables that are also a result of the metabolism of these organisms. Conductivity measurements could be used also to advantage in a comparative study of the rate of acid formation between different lactic acid forming organisms. A preliminary analysis, for example, has shown no difference in the rate of formation of lactic acid by Lactobacillus bulgaricus and Lactobacillus odontolyticus using change in conductivity as a measure of acid formation.
SUMMARY
An ammonia-forming lipolytic organism isolated from cream is named Achromobacter lipidis, n. sp., and is described. Specific conductivity is directly proportional to the production of ammonia by Pseudomonas fluorescens grown in skim milk and by Achromobacter lipidis, n. sp., grown on one-per-cent peptone medium. The processes which result in the formation of ammonia and amino nitrogen in skim milk inoculated with Pseudomonas fluorescens are interdependent; the rate of ammonia formation being 43.7 per cent of the rate of amino-nitrogen formation. The ratio between increase in ammonia and increase in carbon dioxide is an aid in the interpretation of the mechanism of metabolism. Measurements made on skim milk inoculated with Lactobacillus odontolyticus demonstrate that specific conductivity is a linear function of decreasing pH until the isoelectric point of the casein is reached. A constant specific conductivity is approached rapidly if the curd precipitates around the electrodes while the approach is slower if a colloidal gell is formed.
